In patients with coronary artery disease (CAD), a J-curve relationship has been reported between blood pressure (BP) and future cardiovascular events. However, this is controversial. The purpose of the study was to determine the relationship between on-treatment BP and cardiovascular outcomes in patients with CAD.
Introduction
The seventh report of the Joint National Committee (JNC-7) on prevention, detection, evaluation, and treatment of high blood pressure (BP) states that 'The relationship between BP and risk of cardiovascular events is continuous, consistent, and independent of other risk factors'. 1 Data from the observational studies in adults with no previous vascular disease have indicated that death from both ischaemic heart disease and stroke increases progressively and linearly with BP. 2 Such a linear relationship might be true in the general population (although not in the elderly). However, in patients with cardiovascular disease and specifically in those with coronary artery disease (CAD), the relationship between BP and cardiovascular outcomes follows a bimodal distribution resulting in a 'J'-or a 'U'-shaped curve with higher event rates at low and very high BP.
The observation of a J-curve has led to some hotly debated issues and is controversial. The JNC-7 thus states that 'There is no definitive evidence of an increased risk of aggressive treatment (J-curve) unless the diastolic blood pressure (DBP) is lowered to ,55 or 60 mmHg by treatment'. 1 We thus sought to examine the relationship between BP variables and the risk of cardiovascular events in patients enroled in the Treating to New Targets (TNT) trial.
Methods

Patient population
The design and the main results of the TNT study have been described in detail previously. 11, 12 Briefly, this was a double-blind, parallel group study in patients 35 -75 years of age who had clinically evident CAD, defined by one or more of the following: previous myocardial infarction (MI), previous or current angina with objective evidence of atherosclerotic CAD, or a history of coronary revascularization, with a low-density lipoprotein (LDL) ,130 mg/dL who were randomized to atorvastatin 80 vs. 10 mg.
Follow-up
Patients were followed up at Week 12 and at Months 6, 9, and 12 during the first year and then every 6 months thereafter. At each visit, vital signs, clinical endpoints, adverse events, and concurrent medication information were collected. In addition, on alternating visits (i.e. annually), physical examinations and electrocardiograms were performed, and laboratory specimens were collected.
Study outcomes
The primary outcome for this analysis was the occurrence of a major cardiovascular event, defined as death from coronary heart disease (CHD), non-fatal, non-procedure-related MI, resuscitation after cardiac arrest, or fatal or non-fatal stroke at the end of follow-up. Secondary outcomes were all-cause mortality, death from CHD, non-fatal MI, stroke, and angina considered individually.
Statistical analyses
Average BP measurements [systolic blood pressure (SBP) or DBP] were plotted against time. Baseline characteristics were compared among the average post-baseline, prior to the occurrence of the primary composite event, BP categories (in 10 mmHg interval, ≤110 to .160 mmHg for SBP, and ≤60 to .100 mmHg for DBP) using one-way analysis of variance model for continuous variables and x 2 statistics for categorical variables. The relationship between cardiovascular events and post-baseline BP was assessed by a time-dependent, non-linear, Cox proportional hazard (PH) model 13 in which linear and quadratic terms of post-baseline BP measurements were included in the model as the major time-dependent predictor variables (i.e. taking account of varying BP between subsequent visits) in univariate analysis, and adjusting for the following variables in the multivariate analysis: age, gender, smoking, baseline body mass index, hypertension, or use of anti-hypertensive medications, diabetes or use of anti-diabetic medications, coronary artery bypass graft surgery, coronary angioplasty, angina pectoris, cerebrovascular disease, peripheral arterial disease, heart failure, arrhythmia, treatment effect, and average post-baseline LDL levels. All of the time-dependent, Cox PH analyses were performed using time intervals at 3 months and at each annual post-baseline visit thereafter (from Years 1 to 5). Based on the unadjusted or adjusted Cox PH model, the nadir BP was calculated using the delta method, as the coefficient of the linear term divided by 22 × coefficient of the quadratic term. In addition, the time-dependent, post-baseline BPs were categorized into 10 mmHg increment from ≤110 to .160 mmHg for SBP and ≤60 to .100 for DBP and analysed accordingly to the Cox PH model. The unadjusted and adjusted hazard ratios for each category of BP were calculated in reference to the SBP group .130 to ≤140 mmHg or DBP group of .70 to ≤80 mmHg (pre-defined cut points) where the hazard ratio was considered as 1.
All of the above analyses were performed for the entire cohort and for the two-treatment groups separately, in accordance with the intention to treat principle.
Interaction analyses were also performed based on the similar model described above for the covariates: age (.65 vs. ≤65 years), gender, diabetes, hypertension, heart failure, prior MI, prior angioplasty, and prior coronary artery bypass graft surgery. The significance of the interactions between the J-shaped curve (linear and quadratic BP measurements) and each of the above covariates were assessed by likelihood ratio test comparing a full, time-dependent, non-linear, Cox PH model (unadjusted or adjusted) including the covariate of interest (as dichotomous dummy variable), time-dependent BP linear and quadratic terms, and the two corresponding interaction terms [i.e. covariate × (BP linear) and covariate × (BP squared)] vs. a reduced Cox PH model excluding the two aforementioned interaction terms. The P-values were reported accordingly based on the likelihood ratio test. To account for multiple testing, the significant level for the interaction tests was reduced to 0.007 (i.e. 0.05 divided by a total of pre-specified seven subgroup analyses).
For exploratory purposes, the unadjusted and adjusted relationships between BP and studied cardiovascular events were also assessed by a time-dependent, Cox PH model with restricted cubic splines 14 using a SAS macro. 15 The non-linear relationships were depicted based on this model with three knots placed at 110, 150, and 170 mmHg for SBP, and with three knots at 60, 80, and 100 mmHg for DBP. Sensitivity analysis was performed to evaluate if the J-curve was due to increase in non-cardiovascular deaths. Further analysis was performed to evaluate the effect of pulse pressure.
A P-value of ,0.05 (two-sided) was considered statistically significant for all tests except where mentioned. All analyses were performed using SAS software version 9.0 (SAS Institute, Cary, NC, USA).
Results
Patients
A total of 10 001 patients with clinically evident CHD and LDL cholesterol levels of ,130 mg/dL were randomly assigned to receive either atorvastatin 10 vs. 80 mg. The main results of the trial have been discussed elsewhere. 12 Blood pressure over time Analysis of blood pressure and CV events in TNT trial Figure 1A for SBP and Figure 1B for DBP. The variations over time for both SBP and DBP were small. Blood pressure measurements ranged from 130.7 to 132 mmHg for SBP, and 76.5 to 78.7 mmHg for DBP.
Baseline characteristics
Tables 1 and 2 summarize the baseline characteristic by average on-treatment, prior to primary outcome SBP and DBP categories (in 10 mmHg increment), respectively. Patients with low SBP were younger, leaner, less likely to be hypertensive, diabetics, or have history of coronary bypass graft surgery, or peripheral arterial disease but more likely to be men, those with a prior MI, heart failure, and angioplasty, compared with patients with high SBP (Table 1) . Patients with low DBP were older, leaner, less likely to be men, hypertensive, having prior history of MI, or those with angioplasty but more likely to be diabetics, with prior MI, coronary artery bypass graft surgery, heart failure, peripheral arterial disease, and those with angina pectoris, compared with patients with high DBP. 
Primary outcome
The relationship between SBP and the incidence of primary outcome followed a J-shaped curve, with increased hazard rates at low and high SBP. In a multivariable model, using time-dependent BP as a covariate, adjusting for baseline covariates, the treatment effect and the average post-baseline LDL levels, the risk of primary outcome with SBP ≤110 mmHg was similar to or higher than that risk with the group with SBP .160 mmHg (Figure 2A) . This non-linear relationship was assessed initially by a time-dependent, Cox PH model with restricted cubic splines ( Figure 2A ) and confirmed by a non-linear, Cox PH model including linear and quadratic time-dependent, BP terms (x 2 ¼ 7.5,df ¼ 2, P ¼ 0.02). Furthermore, based on the latter model, a nadir of 146.3 mmHg where the event rate was the lowest was identified.
The relationship between DBP and the incidence of primary outcome also followed a J-shaped curve, with increased hazard rate at low and high DBPs ( Figure 2B ). This non-linear relationship was assessed by a Cox PH model with restricted cubic splines Based on the latter model, a nadir of 81.4 mmHg was identified.
Secondary outcomes
For the secondary outcomes, a similar non-linear relationship, with increased risk at lower BP categories was found for all-cause mortality (SBP: Figure 3A and B), death from CHD (SBP: Figure 4A and B), and non-fatal MI (SBP: Figure 5A and B). For the outcome of stroke, lower SBPs were associated with lower risk of stroke, but a J-shaped relationship was seen with DBP ( Figure 6A and B) . Similarly, lower BP was associated with a higher risk of angina for both SBP and DBP ( Figure 7A and B) .
Sensitivity analysis
In a sensitivity analysis, evaluating the risk of non-cardiovascular death, a similar non-linear relationship, with higher risk at lower BP was seen for SBP (x 2 ¼ 11.8, df ¼ 2, P ¼ 0.003) and inverse relationship for DBP. A similar J-curve relationship between primary outcome and SBP (x 2 ¼ 46.0, df ¼ 6, P , 0.0001) or DBP (x 2 ¼ 33.8, df ¼ 5, P , 0.0001) was seen after controlling for pulse pressure. Interaction analyses revealed no significant effect modification by age, gender, diabetes, hypertension, heart failure, and prior MI on the relationship between BP and primary outcomes. However, a significant interaction of SBP with prior bypass surgery was detected (P interaction ¼ 0.004). Those with prior bypass surgery had higher event rates at low SBP compared with those without prior bypass surgery (Figure 8) . In addition, patients with prior bypass surgery tolerated higher SBP pressure when compared with those without bypass surgery.
Discussion
Our analysis of a high-risk population with CAD enroled in the TNT trial showed that a J-or U-shaped curve relationship or a non-linear relationship with increased risk at lower pressures exists between BP and most cardiovascular events with a nadir 
J-curve phenomenon and blood pressure
The vast majority of the studies that attempted to evaluate the J-curve phenomenon were in patients with hypertension but without CAD, where the literature is controversial regarding the existence of a J-curve. 7,16 -22 However, concordant to our study, ]. Our study is unique in several ways: Firstly, the above studies were in hypertension cohort (randomized or observational), where anti-hypertensive therapy could have modulated some of the effects. Our study was from a randomized trial in patients with CAD, though majority of patients had hypertension and were on anti-hypertensive agents (but not randomized to treatment). However, the management of BP was left to the discretion of the treating physician, creating a real-world treatment effect. Secondly, the J-curve phenomenon was true in this cohort of patients where other cardiovascular risk factors like LDL cholesterol were aggressively managed and was not mitigated by statin treatment (which is known to have various pleotropic effects).
Pathophysiological mechanisms for J-curve phenomenon
Four potential 'pathophysiological' mechanisms have been proposed to explain the existence of a J-curve.
First, the J-curve may be an epiphenomenon of a more severe and debilitating underlying chronic condition (including cancer) and the low pressure maybe a mere marker of this illness thereby increasing mortality. 24 However, this is controversial. 4 Our analysis is from a randomized controlled trial where the patients with chronic debilitating conditions and poor short-term prognosis (life expectancy of ,1 year) are excluded. However, the non-linear relationship was seen even with non-cardiovascular deaths, suggesting that the effect of non-measured indicators of poor health cannot be completely ruled out. Second, low pressure may be an epiphenomenon of impaired cardiac function. 25 However, others have shown that low DBP was a significant predictor of events even after controlling for left ventricular function. 4 In the present analyses, patients with an ejection fraction ,30% were excluded from the trial, making this less likely, though not completely ruling out this possibility. Third, the J-curve may represent an epiphenomenon of increased arterial stiffness, i.e. a low DBP might be simply a marker for high pulse pressure and hence the increase in mortality. 26 In our analyses, we noticed a J-curve phenomenon not just for DBP but also for SBP, where the pulse pressure theory would not be applicable. Moreover, in our sensitivity analysis, the relationship persisted after controlling for pulse pressure. Finally, low DBP may compromise coronary perfusion. Since coronary perfusion occurs in diastole, diastolic hypotension could lead to coronary hypoperfusion in patients with compromised coronary flow reserve such as those with CAD. Messerli et al. 3 had previously shown in an analysis of the INVEST, a similar J-shaped relationship between BP, especially diastolic and the risk of cardiovascular events, where we noted a significant interaction effect of revascularization, suggesting that patients who had revascularization before enrolment tolerated lower DBP relatively better than those who did not have revascularization. 3 In the present analysis, lower BPs were associated with increased risk of MI but not stroke (for SBP). In addition, at lower pressure, there was an increase in the risk of angina, providing a pathophysiological rationale of decreased coronary perfusion with lower pressures. Our results could be explained by any of the above four pathophysiological mechanisms, either singly or in combination.
Lower is not always better
Recent trials have questioned the lower the better hypothesis for BP. In the ACCORD trial of patients with diabetes, 27 intensive BP lowering (to 120 mmHg SBP) was not associated with a reduction in the risk of cardiovascular outcomes when compared with the standard therapy group (to 140 mmHg SBP). However, in ACCORD, the risk of stroke was reduced with the intensive BP strategy. Our results are concordant with these findings.
Study limitations
This is a post-hoc analysis from a CAD population with tight control of cholesterol levels and was from a cohort not specifically enroled for the management for BP and hence the results cannot be extrapolated to other population. Our results do not propose a causal relationship between low BP and risk of cardiovascular Analysis of blood pressure and CV events in TNT trial events. Though we adjusted our analysis for baseline confounders, any unmeasured confounders could have been missed. We also did not adjust our analyses for dosage of anti-hypertensive agents received or for other confounders (because of lack of data), especially those that are predictors of poor health, socio-economic status, job stress, or mental health.
Conclusions
In patients with CAD, a J-curve relationship or a non-linear relationship persists between BP and cardiovascular events such that a low BP (,110 -120/,60 -70 mmHg) portends an increased risk of future cardiovascular events. Our findings negate the dictum that with BP, lower is always better (except perhaps for SBP and stroke).
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